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Quadrupole olletivity in Si isotopes around N = 20.
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(Reeived November 7, 2018)
The angular momentum projeted Generator Coordinate Method using
the quadrupole moment as olletive oordinate and the Gogny fore as the
eetive interation is used to desribe the properties of the ground state
and low-lying exited states of the neutron rih light nulei
32,34,36Si. It
is found that the ground state of the nuleus
34Si is spherial. However,
this is not only due to the N = 20 shell losure as the ground state of
34Si ontains a signiant amount of the intruder f7/2 neutron orbital. On
the other hand, rather good agreement with experimental data for many
observables is obtained.
PACS numbers: 21.60.Jz, 21.60.-n, 21.10.Re, 21.10.Ky, 21.10.Dr, 27.30.+t
1. Introdution
In nulear physis the mean eld approximation is always the rst step
to understand the properties of the ground and lowest-lying exited states.
The mean eld approximation provides the onept of magi numbers as
well as the onept of spontaneous symmetry breaking. For nulei with
proton and/or neutron numbers lose to the magi ones one expet symme-
try onserving (i.e. non superonduting and spherial) ground states. On
the other hand, for nulei away from the magi ongurations one expet
strong symmetry breaking and the appearane of deformed ground states
that generate bands (as the rotational bands).
The experimental studies of light nulei away from the stability line
N = Z seem to imply that for those (usually neutron rih) nulei some of the
properties assoiated to magi numbers are not preserved. The most striking
example is the experimental evidene towards the existene of quadrupole
deformed ground states in the neutron-rih nulei around the magi number
N = 20. In addition, the extra binding energy oming from deformation
∗
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an help to extend thereby the neutron drip line in this region far beyond
what ould be expeted from spherial ground states. Among the variety
of available experimental data, the most onvining evidene for a deformed
ground state in the region around N = 20 is found in the 32Mg nuleus
where both the exitation energy of the lowest lying 2+ state [1℄ and the
B(E2, 0+ → 2+) transition probability [2℄ have been measured. Both quan-
tities are fairly ompatible with the expetations for a rotational state. At
the mean eld level, the ground state of
32Mg is spherial. However, when
the zero point rotational energy orretion (ZPRE) is onsidered, the energy
landsape as a funtion of the quadrupole moment hanges dramatially and
32Mg beomes deformed [3, 4, 5, 6, 7, 8, 9℄.
A more areful analysis of the energy landsape inluding the ZPRE or-
retion reveals that, in fat, there are two oexistent ongurations (prolate
and oblate) with omparable energy indiating thereby that onguration
mixing of states with dierent quadrupole intrinsi deformation has to be
onsidered. Therefore, an Angular Momentum Projeted Generator Co-
ordinate Method (AMPGCM) alulation with the quadrupole moment as
olletive oordinate is alled for. We have applied this method in Ref. [10℄
to the study of the nulei
30−34Mg . The Gogny fore [11℄ (with the D1S
parameterization [12℄) has been used in the alulations. We have obtained
prolate ground states for
32−34Mg indiating that the N = 20 shell losure
is not preserved for the Mg isotopes. Moreover, a good agreement with
the experimental data for the 2+ exitation energies and B(E2) transition
probabilities was obtained. The purpose of this paper is to extend those
alulations to the study of the nulei
32−36Si whih are obtained by adding
two protons to the
30−34Mg nulei. These nulei have reently being studied
experimentally [13℄ and their ground states seem to be spherial and there-
fore preserve the N = 20 shell losure. Therefore, our intention is to hek
whether our method and interation is not only able to predit a deformed
ground state in
32Mg (Z=12) but also to predit an spherial one in 34Si
(Z=14).
2. Theoretial framework
The angular momentum projeted Generator Coordinate Method (AMP-
GCM) with the mass quadrupole moment as generating oordinate is used
as the theoretial framework. As we restrit ourselves to axially symmetri
ongurations, we use the following ansatz for the K = 0 wave funtions of
the system
∣∣∣ΦIσ
〉
=
∫
dq20f
I
σ(q20)Pˆ
I
00 |ϕ(q20)〉 (1)
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In this expression |ϕ(q20)〉 is the set of axially symmetri (i.e. K = 0)
Hartree-Fok-Bogoliubov (HFB) wave funtions generated by onstraining
the mass quadrupole moment to the desired values q20 = 〈ϕ(q20)| z
2 −
1/2(x2+ y2) |ϕ(q20)〉. The quasipartile operators assoiated to the intrinsi
wave funtions |ϕ(q20)〉 have been expanded in a Harmoni Osillator (HO)
basis ontaining 10 major shells and with equal osillator lengths to make
the basis losed under rotations [14℄. The operator
Pˆ I00 =
(2I + 1)
8pi2
∫
dΩdI00(β)e
−iαJˆze−iβJˆye−iγJˆz (2)
is the usual angular momentum projetor with the K = 0 restrition [15℄
and f Iσ(q20) are the olletive wave funtions solution of the Hill-Wheeler
(HW) equation
∫
dq,20H
I(q20, q
,
20)f
I
σ(q
,
20) = E
I
σ
∫
dq,20N
I(q20, q
,
20)f
I
σ(q
,
20). (3)
In the equation above we have introdued the projeted norm
N I(q20, q
,
20) = 〈ϕ(q20)| Pˆ
I
00 |ϕ(q
,
20)〉 (4)
and the projeted hamiltonian kernel
HI(q20, q
,
20) = 〈ϕ(q20)| HˆPˆ
I
00 |ϕ(q
,
20)〉 . (5)
As the generating states Pˆ I00 |ϕ(q20)〉 are not orthogonal, the olletive am-
plitudes f Iσ(q20) annot be easily interpreted. Instead, one usually introdue
[16℄ the "olletive" amplitudes
gIσ(q20) =
∫
dq
′
20f
I
σ(q
′
20)N
I(q20, q
′
20)
1/2∗
(6)
whih are orthonormal
∫
dq20(g
I
σ)
∗(q20)g
I′
σ′(q20) = δI,I′δσ,σ′ and therefore
their module squared has the meaning of a probability.
The B(E2) transition probabilities are omputed using the AMPGCM
wave funtions as
B(E2, Ii → If ) =
e2
2Ii + 1
|
∫
dqi20dq
f
20f
If∗
σf (q
f
20)〈Ifq
f
20 || Qˆ2 || Iiq
i
20〉f
Ii
σi(q
i
20) |
2
(7)
As we are using the full onguration spae no eetive harges are needed.
Further details on the omputational proedure an be found in Ref [10℄.
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3. Disussion of the results
In Figure 1 we show the HFB potential energy surfaes (PES) for the
three nulei onsidered (dashed line) along with the projeted energies EI =
HI(q2, q2)/N
I(q2, q2) for I = 0, 2, 4, 6 and 8 (full lines). The HFB PES show
a very pronoune spherial minimum in
34Si, a shallow spherial minimum
in
36Si and, nally, a very swallow oblate minimum in 32Si. These results
are rather dierent from the ones obtained for the orresponding Mg iso-
topes with the same neutron number [10℄. The reason for suh dierenes
is that the Si isotopes have the proton d5/2 shell ompletely oupied and
therefore, the up-slopping K = 5/2 level of the proton d5/2 orbital prevents
the appearane of prolate deformation. At the mean eld level we an say
that the Si isotopes around N = 20 retain the losed shell properties assoi-
ated to the N = 20 shell losure. However, as it has already been reognized,
the eet of the restoration of the rotational symmetry in the HFB PES an
be very important and it an substantially modify the onlusions extrated
from the mean eld results. The angular momentum projeted (AMP) PES
of Figure 1 show in the three nulei onsidered two minima, one prolate and
the other oblate, for all the angular momentum onsidered. However, the
prolate and oblate minima lie rather lose in energy in almost all the ases
and therefore, we expet strong mixing of the two ongurations. Taking
into aount this fat and also that the amount of mixing is not only deter-
mined by the AMP PES but also by the "olletive inertia" the amount of
mixing an only be disentangled when a onguration mixing alulation is
arried out.
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Fig. 1. The HFB potential energy surfae (PES) for the three nulei onsidered
(dashed line) together with the projeted energies for I = 0, . . . , 8 (full lines).
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We have also arried out onguration mixing (in the framework of the
GCM) alulations taking into aount angular momentum projeted wave
funtions and the quadrupole onstrained HFB wave funtions as generating
intrinsi states. The solution of the HW equation provides us with energies
EIσ and olletive wave funtions f
I
σ(q20). As mentioned in setion 2 the
amplitudes f Iσ are not well suited for a physial interpretation and there-
fore one onsiders the olletive amplitudes gIσ(q20) instead. In terms of
these amplitudes one an dened an "averaged" intrinsi quadrupole mo-
ment (q20)
I
σ =
∫
dq20 q20
∣∣∣gIσ(q20)
∣∣∣2 for eah of the AMPGCM solutions.
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Fig. 2. The HFB potential energy surfae (PES) for the three nulei onsidered
(dashed line) together with the projeted energies for I = 0, 2, 4, 6 and 8 (full
lines).
In Figure 2 we show, along with the angular momentum projeted PES
(plotted again to guide the eye), the energies EIσ solution of the HW equation
for σ = 1 and 2 and angular momenta I = 0, 2, 4, 6, and 8. Eah energy
has been plaed at a value of the quadrupole moment orresponding to the
"averaged" intrinsi quadrupole moment (q20)
I
σ. From gure 2 we see that in
32Si the two 0+ states shown are spherial, the 2+1 and 4
+
1 are oblate whereas
the 2+2 , 4
+
2 , 6
+
2 and 8
+
1 are prolate deformed states. The 6
+
2 state is almost
degenerate in energy with the nearly spherial 6+1 state and this ould explain
the anomalous quadrupole moment of the former state. A nearly idential
pattern is also seeing in the nuleus
34Si exept for the position of the 0+2
state that lies below the 2+1 . In the nuleus
36Si the ground state is spherial
and a prolate deformed 0+2 state is obtained. The 2
+
and 4+ states are all of
them almost spherial whereas the 6+1 and 8
+
1 are prolate and the 6
+
2 and 8
+
2
states are oblate. We observe that in the three nulei onsidered the ground
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state is spherial due to the onguration mixing between the prolate and
oblate minima. The rest of the spetra shows rather unlear patterns that
an only be eluidated by looking at the "olletive amplitudes" gIσ(q20).
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Fig. 3. The olletive amplitudes |gIσ(q20)|
2
(thik lines) for σ = 1 (full) and 2
(dashed) and spin values of I = 0h¯, . . . , 8h¯ for the nulei 32Si, 34Si and 36Si. The
projeted energy urve for eah spin is also plotted (thin line). The y-axis sales are
in energy units and span an energy interval of 13 MeV. The olletive amplitudes
have also been plotted against the energy sale after a proper saling and shifting,
that is, the quantity EIσ + 15× |g
I
σ(q20)|
2
is the one atually plotted.
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In gure 3 the olletive wave funtions squared
∣∣∣gIσ(q20)
∣∣∣2 for the two
lowest solutions σ = 1 and 2 obtained in the AMP-GCM alulations are
depited. We also show in eah panel the projeted energy for the orre-
sponding spin. We observe that the 0+1 ground state wave funtions of the
three nulei ontain signiant admixtures of both the prolate and oblate
ongurations. Looking into the single partile diagram of
34Si (not shown
here) it is observed that the neutron f7/2 shell, that is empty at q20 = 0
and 5.78 MeV higher than the d3/2, rosses the Fermi surfae at the defor-
mations q20 = −0.5b in the oblate side (the K = 7/2 level) and q20 = 0.5b
in the prolate one (the K = 1/2 level). Therefore, the intrinsi states with
q20 > 0.5b and q20 < −0.5b have (at least) two partiles in the intruder f7/2
orbital. As the ground state olletive amplitude in
34Si (and in the other
two nulei) is not negligible in the intervals q20 > 0.5b and q20 < −0.5b
we onlude that the ground state of the three nulei ontain signiant
amounts of the intruder f7/2 neutron onguration in spite of being spheri-
al. To make the argument more quantitative we have omputed the quan-
tity 1−
∫
0.5
−0.5 dq20
∣∣∣gI=0σ (q20)
∣∣∣2 that gives us an idea of the perentage of the
"olletive" amplitude outside the q20 interval between -0.5 and 0.5 b (i.e.
the interval where the intrinsi states ontain the intruder f7/2 ongura-
tion). This quantity is roughly 0.35 for σ = 1 in the three nulei onsidered
and it orresponds roughly to 0.7 partiles in the neutron f7/2 sub-shell.
Therefore, we onlude that the ground state of
34Si does not orrespond
to a pure onguration with N = 20 ating as a losed shell. Similar on-
lusions have been obtained in shell model alulations [17℄ and also in the
Shell Model Monte Carlo alulations of [18℄.
The olletive amplitude of the 0+2 exited state of
34Si is rather unusual,
being onentrated around q20 = 0. This unusual behavior probably is the
responsible for the low exitation energy of this state (see below). In the
32Si and 34Si nulei and I = 2 and 4 the olletive amplitudes are well
loated inside the orresponding prolate and oblate minima. For I = 6 we
have aidentally oexisting prolate and oblate minima and for I = 8 the
lowest minima beomes the prolate one. In the nuleus
36Si and I = 2 and
4 we have shape oexistene between the prolate and oblate minima and
therefore the olletive amplitudes are equally distributed among them; the
net result being that these states are, on the average, spherial. For I = 6
and 8 the prolate minimum beomes dominant and the olletive amplitudes
are loalized around the minima.
Now, we want to ompare our results with the available experimental
data. The rst piee of information we an ompare to is the two neutron
and two proton separation energies. The two neutron separation energies
(S(2n)) for 34Si and 36Si are 11.83 MeV and 9.6 MeV respetively. These
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numbers have to be ompared with the experimental data [19℄: 12.018 MeV
and 8.587 MeV, respetively. We observe a reasonable good agreement with
experiment for both nulei. Conerning the two proton separation energies
(S(2p)) we have used the previous results [10℄ for the magnesium isotopes
to obtain 28.70 MeV, 32.72 MeV and 36.26 MeV for
32−36Si, respetively.
The orresponding experimental values [19℄ are 29.777 MeV, 33.737 MeV
and 35.430 MeV. The agreement between theory and experiment is again
rather reasonable.
Energies (MeV) Exp. B(E2)e2fm4 Exp.
a b  a d e f d
32Si 2.34 3.60 5.95 1.941 82.18 0.01 28.00 113 ± 33
34Si 2.92 2.52 5.62 3.327 108.99 50.41 76.92 85±33
36Si 2.63 3.24 4.32 1.399 211.55 65.44 48.81 193 ± 59
Table 1. Calulated and experimental results for exitation energies (in MeV) and
B(E2, 0+σ1 → 2
+
σ2) transition probabilities (in e
2fm4). The olumns marked a, b
and  orrespond to 0+1 − 2
+
1 , 0
+
1 − 0
+
2 and 0
+
1 − 2
+
2 respetively. The ones marked
d,e and f orrespond to 0+1 − 2
+
1 , 0
+
2 − 2
+
1 and 0
+
1 − 2
+
2 respetively.
In table 1 the energy splittings between dierent states and the B(E2)
transition probabilities among some of them are ompared with the available
experimental data. Conerning the B(E2, 0+1 → 2
+
1 ) transition probabilities
we nd a quite good agreement with the experiment. In fat, our alulation
reprodues the inrease of the B(E2) values in going from 34Si to 36Si. The
other transition probabilities are muh smaller than the 0+1 → 2
+
1 ones ex-
ept in
34Si. On the other hand, the theoretial values for the 2+1 exitation
energies agree reasonably well with the experimental data for
32Si and 34Si
but shows a disrepany of 1.2 MeV in the ase of
36Si. This disrepany an
be attributed to many soures, like not taking into aount triaxial intrinsi
ongurations or not dealing with pairing orrelations in a "beyond mean
eld" framework. Another soure for the disrepany ould be related to
the fat that ours is a alulation of the Projetion After Variation (PAV)
type instead of the more omplete projetion before variation (PBV). Usu-
ally, the PBV method yields to rotational bands with moments of inertia
larger than the PAV ones [20, 21℄. In Ref [10℄ we estimated the eet of
onsidering PBV in alulations similar to the ones performed here but for
some deformed magnesium isotopes. The onlusion was that the moment
of inertia gets enhaned by a fator 1.4 and therefore the exitation energies
have to be quenhed by a fator 0.7. Unfortunately, the method used in [10℄
for the mentioned estimation an not be applied here as we are dealing with
spherial ground states as well as with nearly spherial exited states.
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On the other hand, shell model alulations [13, 17, 22℄ predit a seond
0+2 exited state in
34Si with an exitation energy (2 MeV in [13℄, 3 MeV
in [17℄ and 2.6 MeV in [22℄) whih is below the exitation energy of the 2+1
state. In the experimental work of Ref [13℄ suh exited state was not ob-
served but it was argued that with the given experimental setup it was quite
diult to detet it. However, in the experiment reported in [22℄ the men-
tioned exited 0+ state was observed at a tentative exitation energy of 2.1
MeV. In our alulations we also observe a seond 0+ state in 34Si (spherial
in harater) whih lies at an exitation energy of 2.52 MeV. Our predited
B(E2) transition probability 0+2 → 2
+
1 is 50.41e
2fm2 whih is a fator four
smaller than the one obtained in the shell model alulations of [13, 17℄ and
a fator of six smaller than the predited value of [22℄. In [22℄ an exper-
imental indiret estimate of the B(E2) transition probability of 444(210)
e2fm4 is given. At this point it has to be realled that the B(E2) tran-
sition probabilities are more sensitive to the olletive wave funtions than
the exitation energies. Therefore, a relatively small hange in the olletive
wave funtions an alter drastially the transition probabilities. In our ase
the olletive amplitude of the 0+2 state (see Fig. 3) is onentrated around
the spherial intrinsi onguration (result whih is no onsistent with the
shell model expetations of [17, 22℄). This spherial intrinsi onguration
has zero pairing orrelations in our HFB alulations and therefore it an be
expeted that the inlusion of pairing orrelations in a "beyond mean eld"
framework an modify the properties of the quadrupole dynamis around
this point. To eluidate this and other deienies a simultaneous proje-
tion on angular momentum and partile number (like to one performed in
[8℄ with the Skyrme interation) is alled for.
4. Conlusions
In onlusion, we have performed angular momentum projeted Gener-
ator Coordinate Method alulations with the Gogny interation D1S and
the mass quadrupole moment as generating oordinate in order to desribe
quadrupole olletivity in the nulei
32Si, 34Si and 36Si. We obtain a spher-
ial ground state in
34Si (in opposition to the nuleus 32Mg) but it ontains
signiant admixtures of the intruder onguration with two neutrons in
the f7/2 orbital. We also nd in
34Si that the rst exited state is a 0+
with an exitation energy of 2.5 MeV. In all the nulei onsidered the exita-
tion energy of the lowest 2+ state is rather well reprodued. Moreover, the
B(E2) transition probability from the ground state to the 2+ state is also
well reprodued in the three ases. Other quantities like two neutron and
two proton separation energies also ompare well with experimental data.
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